Introduction {#s0005}
============

Inflammatory breast cancer (IBC) is the most deadly form of breast cancer, with a higher incidence among younger women, with a mean age of 55 years in the USA [@b0005] and 50.3 years in Egypt [@b0010]. Compared with patients with non-IBC tumours, patients diagnosed with IBC have low survival rates [@b0015]. Follow-up at 60 months showed a 59% survival rate for IBC patients who underwent mastectomy and a 57% survival rate for IBC patients who underwent a partial mastectomy [@b0020]. Relative to the low incidence of IBC (1--6% of all breast cancers) in the USA [@b0020], a much higher incidence has been reported in North African countries, such as Egypt, Tunisia, and Morocco (15--20% of all breast cancers) [@b0025], with correspondingly increased mortality compared to that of non-IBC [@b0030]. Of note, international collaboration in IBC research and treatment has introduced different options for clinical management of the disease [@b0035].

The aryl hydrocarbon receptor (AHR), an environmental carcinogen receptor, is a cytosolic ligand-activated transcription factor belonging to the basic-helix-loop-helix-Per-ARNT-Sim (bHLH-PAS) family that regulates the transcription of several genes involved in xenobiotic metabolism and tumour aggression [@b0040], [@b0045], [@b0050], [@b0055]. The cytosolic AHR translocates to the nucleus after binding to its ligand and forming a heterodimer with the AHR nuclear translocator (ARNT) protein. The AHR-ARNT heterodimer then binds to dioxin/xenobiotic responsive elements (DREs/XREs) on the promoters of several AHR target genes, including genes encoding cytochrome P450 enzymes *CYP1A1, CYP1A2* and *CYP1B1*, stimulating transcription [@b0060]. CYP1B1 is an extra-hepatic CYP in the CYP1 family that plays an essential role in the metabolism of several therapeutic drugs and in the bioactivation and detoxification of numerous polycyclic hydrocarbons. Compared to that of normal epithelial cells, AHR expression in DMBA-induced rat mammary carcinoma is extremely high and is associated with higher *CYP1B1* expression, a validated marker of AHR activity [@b0065], [@b0070]. Similarly, higher AHR expression, constitutive AHR activation, and elevated levels of CYP1B1 in breast carcinoma cells induce the expression of stem properties and the formation of a mammosphere [@b0075]. Indeed, constitutive AHR activation, enforced by the production of tumour-derived endogenous AHR ligand activity, drives high levels of *CYP1B1* expression in breast cancer [@b0080], [@b0085], [@b0090].

Elevated AHR expression and activity is also a characteristic of other cancer types. In gastric cancer, AHR expression is associated with a poor clinical pathological pattern, including lymph node and distant metastasis [@b0095]. In upper urinary tract urothelial cancer, the expression of AHR induces invasion of carcinoma cells via the activation of matrix-metalloproteinase-9 (MMP-9) [@b0100]. In breast cancer, AHR expression correlates with p53 levels and is associated with malignant progression of breast cancer [@b0085], [@b0090]. AHR induces cell proliferation and migration [@b0105], a hallmark of IBC. Suppression of AHR inhibits the proliferation of head and neck tumour cells [@b0110].

IBC is characterized by aggressive local invasion into the lymphatic vessels of the skin and the formation of emboli and distant metastases. Tumour emboli in lymphatic vessels are characterized by the expression of CSC markers and distinguish IBC from other forms of breast cancer. Tumour cells within the lymphatic emboli are highly adherent and metastasize to different organs as a clump of cells [@b0115].

Previously, it was demonstrated that AHR ligands induce breast cancer stem-like cells in human triple-negative breast cancer (TNBC) and IBC [@b0055] cells. Furthermore, correlations were found between the AHR signalling pathway and markers of cancer stem-like cells and the Wnt signalling pathway [@b0120]. A higher incidence of CD44^+^/CD24^(−/low)^ cells was found to be significantly associated with axillary lymph node metastasis and is a presumptive predictor of metastatic disease in breast cancer patients [@b0125].

Several studies have reported that IBC aggressiveness may be attributed to relatively high levels of radio- and chemoresistant CSCs [@b0130], [@b0135], [@b0140]. CSCs are characterized by self-renewal, resistance to apoptosis, an efficient DNA repair capacity, and the expression of multidrug-resistance proteins [@b0145], [@b0150]. CSCs can be distinguished from the cells making up the bulk of the tumour by the surface expression of CD44 and CD24 (as a CD44^+^/CD24^(−/low)^ subpopulation) and the presence of elevated aldehyde dehydrogenase-1 (ALDH1) activity [@b0130], [@b0135], [@b0140]. Given their central role in tumour metastasis and resistance to treatment, it is critical to better understand the mechanisms regulating CSC development, particularly in highly aggressive cancers, such as IBC, and to devise rational strategies for targeting CSCs in IBC [@b0155], [@b0160]. CSC development and maintenance are modulated by several signalling pathways, including the Wnt pathway [@b0075]. Cross talk between AHR and Wnt signaling pathways suggested to play a crucial role in the mechanisms of carcinogenesis including tumour initiation, promotion and progression (for review see [@b0165]). The Wnt5a is one of the Wnt family members' found to regulate cancer stem cell properties, cancer proliferation and migration via canonical Wnt/β-catenin signalling [@b0170]. Expression and intracellular localization of β-catenin may exist associated with E-cadherin at the plasma membrane or intracellular, however, β-catenin- associated with Wnt signaling found to be localized cytoplasmic and/or nuclear [@b0175].

Signalling pathways involved in CSC development are regulated by multiple transcription factors, including the AHR [@b0055], [@b0165]. For example, Al-Dhfyan and colleagues showed that the induction of AHR/CYP1A1 in MCF-7 cells induced the overexpression of β-catenin and its downstream target Cyclin D1 at the mRNA and protein levels. Moreover, the AHR/CYP1A1 signalling pathway mediates breast CSC proliferation and chemoresistance via inhibition of PTEN and activation of the β-catenin and Akt pathways [@b0075].

Because hyper-expressed AHR is associated with increased aggressiveness *in vivo*, the hypothesis in this study is that AHR expression and activity, as measured by CYP1B1 target gene/protein expression, would be elevated in IBC compared with normal or non-IBC breast cancers and would correlate with Wnt expression and poor prognosis. Furthermore, this study predicted that AHR expression and/or activity would correlate with elevated CSC levels and Wnt signalling. To test these predictions, the expression levels of AHR and CYP1B1, as a marker of AHR activity, were determined in carcinoma samples from non-IBC and IBC patients. Additionally, we assessed whether AHR and CYP1B1 expression correlates with Wnt/β-catenin levels, the relative abundance of CD44^+^/CD24^(−/low)^ cells and poor prognostic factors, such as tumour grade, the involvement of metastatic lymph nodes, and lymphovascular invasion in non-IBC and IBC patients. Finally, to demonstrate a causal relationship between AHR activity and at least one driver of CSC formation, the ability of an AHR inhibitor to downregulate *Wnt5a* in non-IBC and IBC cell lines was evaluated*.* In addition, Knockout of *AHR* gene inhibited the expression of *CYP1B1* and *Wnt5a* in IBC cells.

Patient and methods {#s0010}
===================

Patient samples {#s0015}
---------------

A total of 14 healthy volunteers undergoing breast reduction mammoplasty and 61 breast cancer patients (33 non-IBC and 28 IBC) were enrolled in these studies. *The study protocol was approved by the Institutional Review Board of the Faculty of Medicine of Ain Shams University (IRB\#00006379), Egypt*. IBC patients were diagnosed clinically and pathologically, as described previously [@b0180].

Immunohistochemistry (IHC) {#s0020}
--------------------------

Protein staining using IHC was assessed using 4-μm-thick paraffin-embedded tissue sections, as described previously [@b0140], using antibodies against AHR (dilution 1:500) (Santa Cruz, Texas, USA), CYP1B1 (dilution 1:500) (Abcam, MA, USA), CD44 (clone 156-3-c11) (dilution 1:800) (Cell Signaling Technology, MA, USA) and Ki-67 (SP6) (Cell Marque Corporation, CA, USA). IHC staining was carried out by adding 100 µL of the chromogen DAB + diluted 1:50 in substrate buffer \[EnVision + Dual Link System-HRP (DAB + )\] for 10 min. Finally, tissue specimens were washed in phosphate-buffered saline (PBS), the nuclei were counterstained with haematoxylin, and the specimens were mounted using Permount® for examination by light microscopy. The stained area fractions were evaluated using ImageJ software (National Institutes of Health, MD, USA).

Quantitative real-time PCR {#s0025}
--------------------------

Total RNA was extracted from fresh breast tissue and cells using a GeneJET^TM^ RNA Purification Kit (Thermo Scientific, ON, Canada). The total RNA concentration was assessed by Infinite®200 PRO NanoQuant (Tecan, Zürich, Switzerland). One microgram of RNA was reverse transcribed into complementary DNA (cDNA) using the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, ON, Canada). Quantitative PCR was conducted as described previously by Ibrahim and colleagues [@b0140] via the StepOnePlus 96-well device (Applied Biosystems, CA, USA) in a 25 μL total reaction volume using 12.5 μL of SYBR green master mix (Applied Biosystems, Brumath, France), 1 μL of each primer (*AHR*, *CYP1B1*, 10 pmol\\μL (Qiagen, CA, USA); *Wnt5a,* 10 pmol\\μL (a gift from Prof. Dr. Martin Götte, Department of Gynecology and Obstetrics, Münster University, Münster, Germany), Forward 5′-TCGTTAGCAGCATCAGTCCACA-3′ and reverse 5′-GACCTGTGCCTTCGTGCCTA-3′), 2.5 μL of cDNA and 8 μL of RNase free water. The thermal profile of PCR started with an initial denaturation at 95 °C for 10 min, followed by 45 cycles of 94 °C for 15 sec, 55 °C for 30 sec and 60 °C for 30 sec. The data presented as relative gene expression of *AHR* and *CYP1B1* were evaluated using the 2^−ΔΔCt^ method after normalization to the expression of glyceraldehyde-3-phosphate dehydrogenase (*GAPDH*) (Qiagen, CA, USA) (10 pmol\\μL).

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting {#s0030}
---------------------------------------------------------------------------------------

Tissue lysates were prepared from fresh breast tissues obtained during surgery, as described by El-Shinawi and colleagues [@b0185]. A Bradford assay was used to determine the protein concentration (BioRad Laboratories, CA, USA) using Infinite®200 PRO NanoQuant (Tecan, Zürich, Switzerland). Protein samples with equal concentrations (30 μg/well) were separated by 10% SDS-PAGE, using Mini-PROTEAN® II Electrophoresis Cell (BioRad Laboratories, CA, USA) apparatus that handle two gels. The two gels one gel non-IBC patient samples and one gel IBC samples run in parallel in the same Gel System chamber connected to one electrophoresis apparatus and the run was performed according to manufacturer's instruction (BioRad Laboratories, CA, USA). Proteins were transferred from gel to polyvinylidene fluoride (PVDF) membranes (Millipore, MA, USA) using Mini Trans-Blot® Electrophoretic Transfer Cell apparatus (BioRad Laboratories, CA, USA). Western blots were performed by blotting each gel onto PVDF membrane and the 2 gels (non-IBC and IBC) runs in the same holder cassettes according to manufacturer's instruction (BioRad Laboratories, CA, USA). SDS-PAGE and Western Blot were conducted several times to detect the candidate markers in each patient sample non-IBC (n = 33) and IBC (n = 28). The PVDF membranes were blocked for 1 h with 5% non-fat dry milk in TBS-0.5% Tween 20 followed by incubation overnight at 4 °C with antibodies specific for the AHR (Santa Cruz, Texas, USA), CYP1B1 (Abcam, Cambridge, United Kingdom), β-catenin (Cell Signaling, MA, USA) or Wnt5a/b (Cell Signaling, MA, USA) and then washed and incubated for 1 h with a 1:10,000 dilution of a peroxidase-labelled goat anti-rabbit secondary antibody. After washing, protein bands were visualized by enhanced chemiluminescence (ECL) (Thermo Scientific, ON, Canada). Luminescence was measured digitally by using an iBox Scientia 615 Imaging System (UVP Upland, CA, USA) analyzed and measured by with ImageJ software (National Institutes of Health, MA, USA) using β-tubulin as a loading control [@b0190]. It should be noted that the membranes were stripped using a mild stripping buffer (15 g glycine, 1 g SDS, 10 mL Tween 20, dissolve in 1 L distilled water, pH 2.2) and re-stained with β-tubulin antibody using same method as described above.

Flow cytometry {#s0035}
--------------

Single-cell suspensions were prepared by mincing 1 mm^3^ slices of breast carcinoma tissues with paired scalpels, followed by digestion with 5 mg/mL collagenase (SERVA, Heidelberg, Germany) and dispase (Sigma Aldrich, MO, USA) [@b0140]. Enzymatic dissociation was continued at 37 °C until a predominantly single-cell suspension was obtained (2--4 h). Undigested cell clumps were removed by filtering through a 50 µm pore size cell strainer. Breast cancer cells were separated from leukocytes and debris by Ficoll-Hypaque density gradient centrifugation (Lonza, Amboise, France). Pellets of single-cell suspensions were centrifuged at 800 rpm for 5 min and washed twice with staining buffer (PBS/1% BSA). Staining was achieved by incubating 7 × 10^5^ cells in 100 µL of staining buffer with 10 µL of a FITC-conjugated CD44-specific antibody (Immunotools, Friesoythe, Germany) and 10 µL of a PE-conjugated CD24-specific antibody (Immunotools, Friesoythe, Germany). FITC and PE isotype control antibodies were used as negative controls. Incubation was carried out at room temperature in the dark for 30 min. The stained cells were then washed twice, re-suspended in 1 mL of staining buffer, and acquired by a Partec Cube 8 Flow Cytometer (Sysmex Partec, Görlitz, Germany). Gating to exclude cell debris by forward and side scatter and subsequent data analysis were performed using FSC Express 4 (De Novo software, CA, USA).

Human breast cancer cell lines and AHR inhibition {#s0040}
-------------------------------------------------

MDA-MB-231 cells, representing ER^−^PR^−^Her2^−^ non-IBC, and ER^−^PR^−^Her2^−^ SUM149 cells, representing ER^−^PR^−^Her2^−^ IBC (a gift from Prof. Dr. Martin Götte, Department of Gynecology and Obstetrics, Münster University, Münster, Germany) were used in the present study. MDA-MB-231 and SUM149 cells were cultured in 6-well plates (2 × 10^5^ and 3 × 10^5^ cells/well, respectively). MDA-MB-231 cells were seeded in 2 mL of Dulbecco\'s modified Eagle's medium (DMEM) supplemented with 10% foetal bovine serum (FBS). SUM149 cells were seeded in Ham\'s F-12 supplemented with 10% FBS and appropriate nutrients. The cells were incubated overnight at 37 °C in a humidified CO~2~ incubator. MDA-MB-231 and SUM149 cells were then treated with the AHR inhibitor CH223191 (10 µM) (Sigma Aldrich, Missouri, USA) for 48 h in a 5% CO~2~ humidified incubator at 37 °C. The cells were washed twice with PBS, seeded in culture medium without FBS, and collected for quantitative real-time PCR, as described previously [@b0055].

AHR knockout (KO) in SUM149 cells {#s0045}
---------------------------------

As previously described by Rothhammer and colleagues [@b0195], SUM149 cells (Prof. Dr. David Sherr, Department of Environmental Health, School of Public Health, Boston University) in which the AHR was knocked out (AHR^KO^) were generated as follows: the vector lentiCRISPR v2 (Addgene, MA, USA) contains Cas9 and a guide RNA cloning site (*BsmBI*). The two target sequences (5′-CCTACGCCAGTCGCAAGCGG-3′ and 5′-CCGAGCGCGTCCTCATCGCG-3′, NM_001621), selected by CRISPR designer (<http://crispr.mit.edu>), located in the first exon of the *AHR*. The construct was confirmed by DNA sequencing. SUM149 cells were infected with AHR guide RNA/lentiCRISPRv2 lentivirus according to the standard protocol [@b0200]. Cells were selected for 10 days with 2.0 μg/mL puromycin. Controls consisted of cells transfected with Cas9 without guide RNA and selected as above. AHR knockout was confirmed by Western blotting using AHR-specific antibody, dilution 1:1000 (Cell Signaling Technology, MA, USA) using β-actin-dilution 1:2000 as control (Sigma-Aldrich, MO, USA) as published before by the authors [@b0195].

Total RNA from AHR^KO^ and control cells was extracted using the RNeasy Mini Kit (Qiagen, CA, USA) according to the manufacturer's instructions. cDNA was generated using the High Capacity cDNA reverse Transcription Kit (Applied Biosystems, CA, USA) following manufacturer instructions. Quantitative PCR analysis was conducted on StepOnePlus™ Real-Time PCR System. Relative mRNA expression was quantified using the 2^−ΔΔCt^ method as described before by the authors [@b0205]. Amplification of glyceraldehyde-3-phosphate dehydrogenase (*GAPDH*) was used in each reaction as an internal reference gene. Assays were performed in quadruplicate. TaqMan probes were used for the human *WNT5A* (Hs00998537_m1), *CYP1B1* (Hs00164383_m1), and *GAPDH* (Hs99999905_m1) from the TaqMan®Gene Expression Assays (Applied Biosystems, CA, USA).

Statistical analysis {#s0050}
--------------------

SPSS 22.0 software was used in all statistical analyses performed in this study. The significance of differences among patient groups were assessed by Student's *t* test, Wilcoxon test and the Chi square test, while associations with patient clinical data were assessed by Pearson's correlation coefficient. All obtained data are represented as the mean ± standard deviation (SD).

Results {#s0055}
=======

Clinical and pathological characterization of non-IBC and IBC patients {#s0060}
----------------------------------------------------------------------

The clinical and pathological characteristics of the patients are described in [Table 1](#t0005){ref-type="table"}. Statistical analysis revealed that compared with non-IBC patients, IBC patients were characterized by a significantly larger tumour size and a higher tumour grade (*P* = 0.007 and 0.046, respectively). Lymph node metastasis and the presence of lymphovascular invasion were significantly more frequent (*P* = 0.002 and 0.001, respectively) in IBC patients than in non-IBC patients.Table 1Clinical and pathological characterization of non-IBC versus IBC patients.CharacteristicNon-IBCIBC*P* value(N = 33)(N = 28)*Age \[year\]*Range34--7229--560.253[a](#tblfn1){ref-type="table-fn"}Mean ± SD53 ± 10.150.2 ± 10.4  *Tumour size \[cm\]*Mean ± SD4.3 ± 2.55.32 ± 2.30.007[\*](#tblfn3){ref-type="table-fn"}^,^[b](#tblfn2){ref-type="table-fn"}≤422 (66.7%)9 (32.1%)\>411 (33.3%)19 (67.9%)  *Tumour grade*G14 (12.1%)0 (0%)0.046[\*](#tblfn3){ref-type="table-fn"}^,^[b](#tblfn2){ref-type="table-fn"}G226 (78.8%)19 (67.8%)G33 (9.1%)8 (28.6%)G40 (0%)1 (3.6%)  *Axillary lymph node metastasis*≤424 (72.7%)6 (21.4%)0.002[\*](#tblfn3){ref-type="table-fn"}^,^[b](#tblfn2){ref-type="table-fn"}\>49 (27.3%)22 (78.6%)  *Lymphovascular invasion*Negative28 (84.8%)8 (28.6%)0.001[\*\*](#tblfn4){ref-type="table-fn"}^,^[b](#tblfn2){ref-type="table-fn"}Positive5 (15.2%)20 (71.4%)  *ER*Negative17 (51.5%)16 (57.1%)0.428[b](#tblfn2){ref-type="table-fn"}Positive16 (48.5%)12 (42.9%)  *PR*Negative19 (57.6%)16 (57.1%)0.589[b](#tblfn2){ref-type="table-fn"}Positive14 (42.4%)12 (42.9%)  *Her-2*Negative27 (81.8%)23 (82.1%)0.621[b](#tblfn2){ref-type="table-fn"}Positive6 (18.2%)5 (17.9%)[^1][^2][^3][^4][^5][^6]

AHR and CYP1B1 mRNA and protein levels are higher in IBC than in non-IBC tissues {#s0065}
--------------------------------------------------------------------------------

The expression of AHR and its target CYP1B1 was assessed in carcinoma tissue from IBC and non-IBC patients at the mRNA and protein levels relative to their expression in normal breast tissues obtained from mammoplasties. The expression of *AHR* and *CYP1B1* mRNA was significantly higher in breast carcinoma tissues (*P* = 0.01 and 0.003, respectively) than in normal breast tissues ([Fig. 1](#f0005){ref-type="fig"}A). Moreover, the mRNA expression of *AHR* and *CYP1B1* was significantly higher in IBC (*P* = 0.02 and 0.01, respectively) than in non-IBC tissues ([Fig. 1](#f0005){ref-type="fig"}B). Western blot analysis ([Fig. 1](#f0005){ref-type="fig"}C & D) showed that the expression of the AHR and CYP1B1 proteins was significantly higher in IBC than in non-IBC tissue samples (*P* = 0.02 and 0.005, respectively). Using IHC ([Fig. 1](#f0005){ref-type="fig"}E & F), significantly stronger immunostaining of AHR and CYP1B1 proteins was detected in IBC than in non-IBC tissues (*P* = 0.01 and 0.004, respectively). Since the expression of CYP1B1 is a surrogate marker for AHR activity [@b0070], [@b0090], the correlation between the expression of AHR and CYP1B1 at the mRNA and protein levels was tested in carcinoma tissues from IBC versus non-IBC patient groups. As predicted from previous work [@b0050], a significant positive correlation was detected between the expression levels of *AHR* and *CYP1B1* mRNA in non-IBC tissues (r = 0.786 and *P* = 0.003) and in IBC tissues (r = 0.814 and *P* = 0.001) ([Fig. 1](#f0005){ref-type="fig"}G and H). Similarly, a positive correlation between AHR and CYP1B1 protein expression was detected in non-IBC samples (r = 0.684 and *P* = 0.01), which was significantly stronger in IBC (r = 0.732 and *P* = 0.005) samples ([Fig. 1](#f0005){ref-type="fig"}I and J).Fig. 1mRNA and protein expression levels of AHR and CYP1B1 in non-IBC and IBC carcinoma tissues. Bars represent the fold change (RQ = 2^−ΔΔCt^) of mRNA expression of *AHR* and *CYP1B1* in (A) breast cancer tissues (n = 61) after normalization to values of healthy tissues (n = 14), and in (B) IBC carcinoma tissues (n = 28) after normalization to values of non-IBC carcinoma tissues (n = 33). Data represent mean ± SD, ^\*^*P* ≤ 0.05 and ^\*\*^*P* ≤ 0.001 as determined by Student's *t*-test. (C) Representative of immunoblots membranes showing the protein expression of AHR and CYP1B1 in non-IBC and IBC, tissue lysates of non-IBC and IBC were analyzed by SDS-PAGE, transferred into PVDF membranes and immunoblotted with antibodies specific for AHR and CYP1B1. (D) Bars represent the relative density values of detected protein bands assessed by ImageJ software and normalized against the loading control β-tubulin, showing significantly higher expression of AHR and CYP1B1 in IBC (n = 28) than in non-IBC (n = 33) carcinoma tissues. (E) Representative fields of immunostaining (brown colour stain) of AHR and CYP1B1 in paraffin embedded breast carcinoma tissue sections showing high density of cancer cells positive for AHR and CYP1B1 in IBC (n = 20) compared to non-IBC patients (n = 25) (magnification 40X). (F) Bars represent the relative area fraction to healthy breast tissues calculated by using ImageJ software. Data represent the mean ± SD, ^\*^*P* ≤ 0.05 and ^\*\*^*P* ≤ 0.001 as determined by Student's *t*-test. (G and H) Represent scatter charts showing the positive correlations between the mRNA expression of *AHR* and *CYP1B1* in non-IBC and IBC carcinoma tissues. (I and J) Represent scatter charts showing the positive correlations between the protein expression of AHR and CYP1B1 in non-IBC tissues and IBC tissues. Correlation coefficients (r values) were calculated by Pearson's correlation test.

AHR and CYP1b1 mRNA expression positively correlates with the number of metastatic lymph nodes and with tumour grade, lymphovascular invasion and the expression of Ki-67 in IBC {#s0070}
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The AHR pathway is associated with poor prognostic markers, such as tumour grade, tumour stage, lymph node metastasis and lymphovascular invasion and MMP expression, in upper urinary tract urothelial cancer [@b0100]. Therefore, an evaluation of whether there was a similar correlation between AHR and CYP1B1 expression was performed in non-IBC and IBC patients. Statistical analysis revealed that *AHR* and *CYP1B1* expression was associated with tumour grade in IBC patients (*P* = 0.006 and 0.002, respectively) but not in non-IBC patients ([Fig. 2](#f0010){ref-type="fig"}A and B). In addition, *AHR* and *CYP1B1* expression correlated with the presence of lymphovascular invasion (r = 0.589. *P* = 0.01 and r = 0.536, *P* = 0.02, respectively) in IBC but not in non-IBC ([Fig. 2](#f0010){ref-type="fig"}C and D). The expression of *AHR* and *CYP1B1* mRNA was positively correlated with the number of metastatic lymph nodes in non-IBC (r = 0.571, *P* = 0.01 and r = 0.763, *P* = 0.001, respectively) ([Fig. 2](#f0010){ref-type="fig"}E) and IBC patients (r = 0.685, *P* = 0.01 and r = 0.676, *P* = 0.01, respectively) ([Fig. 2](#f0010){ref-type="fig"}F).Fig. 2Correlation between the expression of AHR and CYP1B1 and patient clinical and pathological properties. Bars represent the fold change (RQ = 2^−ΔΔCt^) of mRNA expression non-IBC and IBC patients sub-grouped into different tumour grade (G1, G2, G3). (A) mRNA expression of *AHR and CYP1B1* in non-IBC patients show no statistical correlation with tumour grade. (B) mRNA expression of *AHR and CYP1B1* significantly correlates with high tumour grade in IBC patients. (C and D) Bars represent mRNA expression of *AHR* and *CYP1B1* in non-IBC and IBC patients sub-grouped with negative and positive lymphovascular invasion (LVI) (C) mRNA expression of *AHR and CYP1B1* in non-IBC patients, with no statistical correlation with LVI. (D) mRNA expression of *AHR and CYP1B1* significantly correlates with LVI in IBC patients. Data represent mean + SD, ^\*^*P* ≤ 0.05 and ^\*\*^*P* ≤ 0.001 as determined by one-way ANOVA followed by Tukey's multiple comparison test. (E and F) Scatter charts showing the positive correlation between the mRNA expression of *AHR and CYP1B1* and the number of metastatic lymph nodes in non-IBC and IBC patients, respectively. (G) Representative fields of immunostaining (brown colour) of highly expressed AHR, CYP1B1 and Ki-67 in in paraffin embedded IBC and non-IBC carcinoma tissues. (H and I) Scatter charts showing a strong positive correlation between AHR and CYP1B1 expression and Ki-67 expression in IBC but not non-IBC tissues. Correlation coefficient (r values) were calculated by Pearson's correlation test.

The proliferation marker Ki-67 plays a crucial role in treatment decisions for breast cancer patients [@b0210]. AHR was found to augment cell proliferation and survival [@b0215]. In the present study, the expression of Ki-67 ([Fig. 2](#f0010){ref-type="fig"}G) was assessed by IHC, and whether AHR and CYP1B1 protein expression was correlated with Ki-67 expression in carcinoma tissues from non-IBC and IBC patients was tested. IHC revealed that both AHR and CYP1B1 protein expression positively correlated with the expression of Ki-67 in IBC patients (r = 0.781, *P* = 0.003 and r = 0.755, *P* = 0.004, respectively) but not in non-IBC patients ([Fig. 2](#f0010){ref-type="fig"}H and I).

Wnt5a/b and β-catenin expression are significantly higher in IBC than in non-IBC carcinoma tissues and positively correlated with AHR and CYP1B1 protein expression, tumour grade and lymphovascular invasion {#s0075}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Different cellular molecules are able to control Wnt/β-catenin signalling pathways involved in the regulation of CSC properties (reviewed in [@b0220]). In prostate cancer, the association between the upregulation of AHR and activation of the Wnt/beta-catenin pathway was found to play a significant role in disease progression [@b0225]. Previous studies showed that treatment with the prototypical polycyclic aromatic hydrocarbon (PAH) 7,12-dimethylbenz\[a\]anthracene (DMBA) induced mammary tumours characterized by AHR overexpression and subsequent activation of downstream regulatory signalling pathways, including Wnt signalling [@b0120].

Herein, western blot analysis revealed a significant increase in the expression of Wnt5a/b and β-catenin in IBC tissue compared to that in non-IBC tissue (*P* = 0.03 and 0.02, respectively) ([Fig. 3](#f0015){ref-type="fig"}A & B). In non-IBC carcinoma tissues, AHR and CYP1B1 protein expression failed to significantly correlate with the expression of Wnt5a/b ([Fig. 3](#f0015){ref-type="fig"}C) or β-catenin ([Fig. 3](#f0015){ref-type="fig"}D). However, in IBC carcinoma tissues, AHR and CYP1B1 protein expression was positively correlated with the expression of Wnt5a/b (r = 0.671, *P* = 0.01 and r = 0.635, *P* = 0.01, respectively) ([Fig. 3](#f0015){ref-type="fig"}E) and with the expression of β-catenin (r = 0.754, *P* = 0.005 and r = 0.749, *P* = 0.01, respectively) ([Fig. 3](#f0015){ref-type="fig"}F). Moreover, the expression of Wnt5a/b and β-catenin positively correlated with a high tumour grade in both non-IBC (*P* = 0.03 and 0.02, respectively) ([Fig. 3](#f0015){ref-type="fig"}G) and IBC (*P* = 0.048 and 0.041, respectively) ([Fig. 3](#f0015){ref-type="fig"}H) patients. The expression of Wnt5a/b and β-catenin positively correlated with the presence of lymphovascular invasion (r = 0.735, *P* = 0.01 and r = 0.620, *P* = 0.03, respectively) ([Fig. 3](#f0015){ref-type="fig"}I and J) in IBC but not in non-IBC. Next, a possible correlation between the expression of Wnt5a/b and β-catenin and the number of metastatic lymph nodes in non-IBC and IBC patients was evaluated. Statistical analysis revealed no correlation between Wnt5a/b or β-catenin and lymph node metastases in non-IBC breast cancer patients ([Fig. 3](#f0015){ref-type="fig"}K and L). In contrast, a significant correlation between Wnt5a/b and β-catenin and the number of metastatic lymph nodes (r = 0.847, *P* = 0.001 and r = 0.711, *P* = 0.01, respectively) was detected in IBC patients ([Fig. 3](#f0015){ref-type="fig"}M and N). Indeed, Wnt5a is an activator of canonical and non-canonical Wnt signalling cascades (23).Fig. 3Wnt5a/b and β-catenin expression in carcinoma tissues from non-IBC and IBC patients and their correlations with AHR/CYP1B1 and patents clinical pathological properties. (A) Representatives of protein expression of Wnt5a/b and β-catenin in non-IBC and IBC carcinoma tissue lysates analyzed by SDS-PAGE, transferred into PVDF membranes showing high expression of Wnt5a/b and β-catenin in breast carcinoma tissues of IBC patients. (B) Bars represent the relative density values of protein bands assessed by ImageJ software and normalized against the loading control β-tubulin and showing significant expression of Wnt5a/b and β-catenin in IBC tissues (n = 28) compared to non-IBC tissues (n = 33). Data represent the mean ± SD, ^\*^*P* ≤ 0.05 and ^\*\*^*P* ≤ 0.001 as determined by Student's *t*-test. (C and D) Scatter charts showing no correlation between AHR and CYP1B1 expression and Wnt5a/b and β-catenin expression in non-IBC carcinoma tissues. (E and F) Scatter charts showing a linear positive correlation between AHR/CYP1B1 expression and Wnt5a/b and β-catenin expression in IBC carcinoma tissues. (G and H) Bars represent expression of Wnt5a/b and β-catenin in non-IBC and IBC patients sub-grouped according to the tumour grade, both correlates with tumour grade in the non-IBC (G) and IBC (H) patient groups. (I and J) Bars represent the relative density values of Wnt5a/b and β-catenin proteins sub-grouped into negative and positive LVI, results showed no statistical correlation with LVI in non-IBC patients and a significant correlation with lymphovascular invasion in IBC patients. Data represent mean ± SD, ^\*^*P* ≤ 0.05 and ^\*\*^*P* ≤ 0.001 as determined by one-way ANOVA followed by Tukey's multiple comparison test. (K -- N) Scatter charts showing a weak correlation between the number of metastatic lymph nodes and the relative density values of Wnt5a/b (K) and β-catenin (L) proteins in non-IBC tissues and a linear positive correlation between the number of metastatic lymph nodes and the relative density values of Wnt5a/b (M) and β-catenin (N) proteins in IBC tissues. Correlation coefficient (r values) were calculated by Pearson's correlation test. (O and P) Bars represent the fold change (RQ = 2^−ΔΔCt^) of mRNA expression of *Wnt5a* in MDA-MB-231 (O) and SUM149 (P) cells after treatment with an AHR inhibitor. The results are representative of at least three independent experiments. Data represent the mean ± SD. ^\*^*P* ≤ 0.05 and ^\*\*^*P* ≤ 0.001 as determined by Student's *t* test.

Previously, it was shown that Wnt5a is a downstream effector of AHR activation [@b0120] in mammary tumour cells. Given the correlation between AHR and Wnt5a expression and the implication of both of these proteins in CSC development, our hypothesis predicted that activation of AHR stimulates activation of Wnt5a pathways and the development of CSCs in IBC. To determine if there was a causal relationship between the AHR and Wnt5a, the effect of an AHR inhibitor on *Wnt5a* levels was quantified in the triple-negative IBC SUM149 cell line and the non-IBC MDA-MB-231 cell line. Relative to control cells seeded in culture medium, quantitative real-time PCR results showed that there was a significant downregulation of *Wnt5a* (*P* = 0.01 and 0.02, respectively) upon AHR inhibition ([Fig. 3](#f0015){ref-type="fig"}O and P), demonstrating the potential for AHR regulation of the Wnt signalling pathway in both tumour types.

AHR and CYP1B1 mRNA positively correlate with the percentage of CD44^(+)^/CD24^(−)^ cells in IBC {#s0080}
------------------------------------------------------------------------------------------------

IBCs are characterized by the presence of tumour emboli enriched with CD44^(+)^/CD24^(−/low)^ CSCs that enhance tumourigenic and metastatic properties [@b0230]. Therefore, the percentage of CD44^(+)^/CD24^(−/low)^ cells in IBC and non-IBC tumours was quantified and correlated with AHR and CYP1B1 levels. Flow cytometry analysis revealed a significant enrichment of the CD44^(+)^/CD24^(−/low)^ subpopulation in IBC tissue compared with that of non-IBC tissue (*P* = 0.04) ([Fig. 4](#f0020){ref-type="fig"}A & B). Similarly, IHC for CD44 staining showed that IBC tissues are characterized by a significantly higher level of CD44 immunostaining (*P* = 0.001) than non-IBC tissues ([Fig. 4](#f0020){ref-type="fig"}C & D). A previous study demonstrated that AHR and CYP1B1 protein expression is elevated in CSC-like breast cancer cells in which AHR controls the expression of important self-renewal- and chemo-resistance-associated genes [@b0055]. To extend this notion to the cohort of tissue specimens, the proportion of CD44^(+)^/CD24^(−/low)^ cells was compared with AHR and CYP1B1 expression in IBC and non-IBC tissues. The percentage of CD44^(+)^/CD24^(−/low)^ cells in the carcinoma tissues of non-IBC did not show a correlation with AHR or CYP1B1 expression (r = 0.08, *P* = 0.477 and r = 0.09, *P* = 0.628) ([Fig. 4](#f0020){ref-type="fig"}E). However, the percentage of CD44^(+)^/CD24^(−/low)^ cells positively correlated with AHR and CYP1B1 expression (r = 0.690, *P* = 0.02 and r = 0.542, *P* = 0.03, respectively) ([Fig. 4](#f0020){ref-type="fig"}F).Fig. 4Percentage of CD44^(+)^/CD24^(−/low)^ cells in non-IBC and IBC carcinoma tissues. (A) A representative flow cytometric bivariate plots showing the percentages of CD44^(+)^/CD24^(−/low)^ cells in non-IBC and IBC tissues. (B) Bars represent the percentages of CD44^(+)^/CD24^(−/low)^ cells in non-IBC and IBC single-cell suspensions prepared from carcinoma tissues. Data shown are a single experiment of different independent experiments and represent mean ± SD. ^\*^*P* ≤ 0.05 and ^\*\*^*P* ≤ 0.001 as determined by Wilcoxon test. (C) Representative fields of immunostaining (brown colour stain) of CD44^(+)^ in non-IBC and IBC tissues (magnification 40X). (D) Bars represent the relative area fraction of CD44^(+)^ IHC staining using the ImageJ program in tissue sections with a significant increase in the percentages of CD44^(+)^ cells in IBC compared to non-IBC patients. Data represent mean + SD. ^\*^*P* ≤ 0.05 and ^\*\*^*P* ≤ 0.001 as determined by Student's *t* test. (E and F) Scatter chart showing correlations between the protein expression of AHR and CYP1B1 and the percentage of CD44^(+)^/CD24^(−/low)^ cells. A weak correlation was detected in non-IBC patients (E), and a linear positive correlation was detected in IBC patients (F). (G and H) Scatter chart showing the correlations between the protein expression of Wnt5a/b and β-catenin and the percentage of CD44^(+)^/CD24^(−/low)^ cells. A weak correlation was detected in non-IBC patients (G), and a linear positive correlation was detected in IBC patients (H). Correlation coefficient (r values) were calculated by Pearson's correlation test.

a correlation between the proportion of CD44^(+)^/CD24^(−/low)^ cells and the expression of Wnt5a/b or β-catenin in non-IBC samples was not detected (r = 0.144, *P* = 0.425 and r = 0.265, *P* = 0.351, respectively) ([Fig. 4](#f0020){ref-type="fig"}G) On the other hand, the proportion of CD44^(+)^/CD24^(−/low)^ cells positively correlated with the expression of Wnt5a/b and β-catenin in IBC patients (r = 0.644, *P* = 0.01 and r = 0.627, *P* = 0.02, respectively) ([Fig. 4](#f0020){ref-type="fig"}H).

Down regulation of Wnt5a expression after FICZ hyper-activation of AHR and after AHR knock down in SUM149 IBC cells {#s0085}
-------------------------------------------------------------------------------------------------------------------

Since AHR and CYP1B1 levels correlated with Wnt5a/b and β-catenin in IBC but not in non-IBC ([Fig. 3](#f0015){ref-type="fig"}E and F). In addition, AHR and CYP1B1 correlated with an increase in the proportion of CD44^(+)^/CD24^(−/low)^cells, and Wnt/β-catenin signalling that drives breast cancer metastasis and stem cell properties [@b0235], [@b0240],

To further demonstrate AHR control of Wnt5a in IBC, the AHR was deleted from SUM149 cells by CRISPR-Cas9 gene editing (AHR^KO^ cells) and evaluated for *CYP1B1* (as a positive control for AHR knockout) and *Wnt5a* expression by quantitative PCR. Consistent with the Dr. Sherr's lab recent and previous studies [@b0055], [@b0195], SUM149 cells exhibited a significant baseline of *CYP1B1* expression that was decreased by AHR knockout and increased by treatment with an AHR agonist, FICZ ([Fig. 5](#f0025){ref-type="fig"}A). The FICZ-induced increase in *CYP1B1* also was prevented by AHR knockout indicating AHR control of *CYP1B1*. Similarly, AHR knockout significantly decreased baseline and FICZ-induced *Wnt5a* expression ([Fig. 5](#f0025){ref-type="fig"}B) supporting the hypothesis that the AHR strongly influences *Wnt5a* expression. No significant changes in other members of the Wnt signaling pathway such as *Wnt5b* or *Wnt11* were seen (data not shown).Fig. 5WNT5a expression after FICZ hyper-activation of the AHR and after AHR knock down from SUM149 IBC cells. Human SUM149 cells stably transduced only with Cas 9 (no guide RNA) ("CRISPR Control") or SUM149 cells in which AHR was deleted using Cas9 and guide RNA (AHR KO) were evaluated for *CYP1B1* (A), *WNT5A* (B) or *GAPDH* (for normalization) mRNAs by qPCR following a 24-h treatment with nothing (naïve), DMSO (vehicle) or 0.5 uM of the AHR agonist FICZ. Data are presented as averages (normalized *GAPDH* mRNA) ± SE from four independent experiments. ^\*\*^*P* \< 0.01 relative to the respective CRISPR controls. ^\#\#^*P* \< 0.01 relative to DMSO-treated, CRISPR control groups.

Discussion {#s0090}
==========

Previous studies demonstrated that the AHR contributes to mammary carcinogenesis [@b0070]. For example, AHR inhibition in IBC cells reduces the irregular colony formation that is characteristic of invasive cells, the migration and metastasis of human carcinoma cells *in vivo* in a zebrafish model [@b0205], the induction of cancer stem-like cells, and tumour growth *in vivo* [@b0055]. IBC patients display aggressive pathological properties, such as involvement of lymph node metastasis at the time of diagnosis, rapid progression to metastasis and a high incidence of chemo- and radio-resistant CSCs [@b0015], [@b0140]. The approach in the present study was to investigate whether the expression of AHR and its downstream target CYP1B1 drives cellular mechanisms associated with poor IBC prognosis and the stem cell-like phenotype. Herein, AHR and its downstream target CYP1B1 were overexpressed in IBC carcinoma tissues compared with healthy breast tissues obtained from mammoplasty or with non-IBC tissues. In IBC, co-expression of AHR and CYP1B1 was found to be associated with tumour grade and lymphovascular invasion. In the present study, the Nottingham grading system was used for histopathological grading to describe cell morphology, abnormalities and differentiation. The expression of AHR and CYP1B1 was associated with a high tumour grade score in IBC but not non-IBC patients. Previous studies also failed to show a correlation between AHR and tumour grade in non-IBC patients [@b0085]. However, the recent results showed that AHR correlates with tumour grade in the IBC aggressive phenotype and suggested that AHR may contribute to the differentiation of tumour stages during IBC disease progression.

In addition, the results showed that the expression of *AHR* and *CYP1B1* mRNA was associated with the presence of lymphovascular invasion and the number of metastatic lymph nodes in IBC. The strong ability of IBC carcinoma cells to degrade extracellular matrix proteins, migrate and invade lymphatic vessels, and form dermal and parenchymal lymphovascular tumour emboli, are hallmarks of IBC diagnosis. Indeed, IBC patients are characterized by a higher number of metastatic lymph nodes than non-IBC patients [@b0245]. Recent results are consistent with the results of other studies showing that AHR is associated with lymph node metastasis and the dissemination of carcinoma cells in gastric cancer patients [@b0095].

Importantly, AHR and CYP1B1 protein expression was positively correlated with the proliferation marker Ki-67 in IBC but not in non-IBC tissues. These findings suggest that AHR/CYP1B1 may play a role in the poor prognosis of IBC disease. This finding is in line with the role of the AHR pathway in the progression of different tumours, including upper urinary tract urothelial cancer [@b0100], glioblastoma [@b0250] and meningioma [@b0255].

The canonical Wnt/β-catenin signalling pathway plays an important role in the regeneration of many tissues by enhancing the growth of CSCs and multipotent progenitors [@b0260]. The Wnt/β-catenin signalling pathway regulates cell proliferation, migration, and differentiation [@b0265]. Furthermore, Wnt signalling "defines" CSCs in different types of malignancies [@b0270]. In breast cancer, Wnt/β-catenin signalling was found to be more highly activated in triple-negative cell lines [@b0265]. Targeting Wnt/β-catenin inhibits breast cancer metastasis via suppression of the expression of CSC-related genes in animal models and *in vitro* culture [@b0235].

The results showed that carcinoma tissues from IBC patients are characterized by high expression of Wnt5a/b and β-catenin. In addition, the expression of Wnt5a/b and β-catenin was associated with the presence of lymphovascular invasion and lymph node metastasis in IBC compared with non-IBC patients. The pharmacological inhibition of AHR downregulates Wnt5a in MDA-MB-231 and SUM149 cells. Furthermore, in the present study we also showed that knockdown of AHR gene leads to down-regulation of *CYP1B1* and *Wnt5a* in IBC cells. This finding is consistent with the notion that activation of AHR induces upregulation of Wnt5a together with genes involved in cancer cell plasticity [@b0275]. Taken together, these results suggest that AHR signalling regulates Wnt5a/b and β-catenin expression in IBC.

Importantly, the AHR signalling pathway was found to regulate the development and proliferation of CSCs via activation of the β-catenin and Akt pathways and via the inhibition of PTEN in different breast cancer cell lines [@b0075]. Furthermore, AHR hyper-activation significantly enhances CSC properties and accelerates cell migration, and AHR knockout inhibits tumour sphere formation, blocks the rapid migration of cells expressing high ALDH^high^ and reduces ALDH^high^ cell chemoresistance [@b0055].

Several studies have demonstrated a high incidence of CSC phenotypes in cancer specimens from IBC patients [@b0115], [@b0140], [@b0280]. Indeed, dissemination, metastatic properties and treatment resistance in IBC are "associated with the cancer stem cell hypothesis" [@b0285]. In the present study, AHR/CYP1B1 was associated with a high incidence of CSCs in IBC compared to non-IBC tissue. In addition, the proportion of CSCs was correlated with the expression of Wnt5a/b and β-catenin signalling in IBC tissue but not in non-IBC tissue. Based on our recent findings and previous studies, this study suggests that the co-expression of AHR/CYP1B1 augments the expression of Wnt5a/b and β-catenin in IBC breast cancer patients, which may in turn induce the CSC properties and therapeutic resistance of the aggressive IBC phenotype.

Conclusions {#s0095}
===========

In conclusion, the expression of AHR and its target gene/protein CYP1B1 in IBC carcinoma tissues is associated with poor prognostic markers, such as tumour grade, lymphovascular invasion, cellular proliferation and the number of lymph node metastases. Furthermore, AHR may contribute to CSCs and therapeutic resistance of the IBC aggressive phenotype by stimulating the Wnt5a/β-catenin signalling pathway. Therefore, the present study has implications for developing therapeutic approaches for IBC based on AHR and its downstream effectors CYP1B1 and Wnt5a/β-catenin.
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